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(57) Abstract 

Beams of laser light trap and cool cesium 
a small vapor cell (J> ^fiSSS- 
quantum mechanical sta£ ^SSSd 5 shifting the 

each time the atoms are in the c^ ^r of toewvegu 

that the i^gSaS started, the 
Once the atoms have fallen back to wnere , ^ 

laser fields are turned on ^"JlrfumtaJ 
fraction of the atoms that maite a qua* ffl 
Iransition is measured by 'the 
tered bv the atoms. That signal indicates now 

Swave frequency is to ^J^^ff^XZ 
cooling reduces the relative motion of th^atoms 
the atoms can be observed longer. The result 
resonance measured is much narrower. 




« / 



PCT/US91/0365- 

WO 91/19413 

- 1 - 



~r standard Using An Atomic Stream 
An unproved Frequency Standara us 

Of Optically cooled Atoms ■ 
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REFERENCE ™ RELATE D APPLICATION 



-rhs present application is a continuation-in-part 

• +71 of United States Patent Application Serial No. 
application of United ^ 

07/531,754, fxled Jun , ^ ^ 

FREQUENCY STANDARD USING AN ATOM ^ Serial 

TRAPPED ATOMS , and United Sta IMPROVED 

No . 07/561,995, ^^^la^ OF OPTICALLY 
FREQUENCY STANDARD USING AN ATOMi*- 



TRAPPED ATOMS. 
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that n. T PrSSent inVenti0 " " 1SteS t0 M ««* 
that can be used as a high precision frequency standard 

T^t ° f has net 

utilized to Make an atomic clock. This Method aligns tne 

SiTJ, ' mSaSUreS thS *» and then uses 

thx. Measurement to calibrate an external oscillator. 

In order to Measure the behavior of a (relate , 
sfflall number of atoms ft- <„ (relatively) 
environment f a T\ neo6ss ary to use a high vacuum 

exceptor ^be"f ' T haVi " 9 ^ " ttle « 
except for the few atOMS being Measured. Various 

techniques for obtaining such an appropriate vacuum are 
^ ln ^ ^ ^ tteref ° re - * "~criLd 

of time ^LTLTeLureT *° **" ^ ™ 

of atom/ o ener9y levels (^eguency) 

keep the'.t ° btaln 3 ^ "-surement tiMe is to 

keep the .to- in one piece while measuring them. This can 
be done by putting the atoms in a cell or bottle; however 
the internal kinetic motion (temperature, of the atZ 
causes them to ^ -- &UmB 



with the walls of the hrvn-i^ mw 
collisions introduce frequency shifts in the energy ^ev^ 
measurement. energy level 

atom* • t0 thS WWr W of the 

atoms is to launch them in a "free-fall" trajectorv su= h 

an atoMic beaM. The relatively high speed of atols in an 

ZT° tyPiCSUy V * " - above IZ 

temperature, liMits the tiMe available to make Measurements 
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^ a on? sec Nevertheless, the current 

generate of fregue y c ^ 

are designed around the use 01 su 

atomic clocks could be made more precise if the 

Tmore slowly when their atomic state is being 
atoms moved more slowl ^ ^ ^^.^ to the 

measured, "nceth P ^ _ aWms 

average of the square naking 

mean slower — / f reauci „g their 

atoms move more siowxy f 

t 



temperature . 



„ -i n a n atomic clock has been a problem 
cooling atoms xn an atomic ^ 
, * lona time For example, in the 1950<s, a researcher 
for a long time, fo _ & r measureffient 

named Zacharias attempt ed to f was to 

time using an atomic fountain. ZaCh *" direc tion 

^ v.™ "thermal" atoms xn an upwara aireu 
direct a beam of therm ^ ^ 

within a chamber .^^J^^., an atoro can be made 
reduce their ™^'J*J£°£ ^ principle is 
to move upward, stop and fal kickoff ) . 

analogous to what happens to a footbal a ^ 
The period of time that an atom would 
its arc before returning -to its starting pos 

xts arc ua. H . e For an atom to 

^«-r- a lonaer measurement txme. r«i 
provxde for a traje ctory, however, requires a low 

follow such a b^stxo tra, ^ ^ ^ 

^4-^>H--5rift velocity, otherwise x^ne auw 
starting vel °" can brin g them to a stop. 

n uch distance before ^ 
Mor e importantly, the atoms had to ^ 
significant internal mot ons to Keep P 



o^*.- Thus, wnixe m 

principle * ™„i B ion frequency standard 

method in making a high precision rregu 
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(atomic clock) from a beam of atoms it «n,n^ =, 

w* auuiua, it required a source 

of slow, cold atoms. 




. , ' ex P e riment stimulated several important 

developments in atomic physics - developments that 
ultimately led to the hydrogen maser and precise resonance 
experiments with bottled neutrons. The experiment with the 
atomic fountain itself, however, was a failure, zacharias 
had hoped to avoid having to use a stream of thermal atoms 
in which the velocity of the atoms varies along what is 
known as a Boltzman distribution. A very small fraction of 
the atoms of a thermal beam move quite slowly. Zacharias 
hoped to select only these slow atoms for use in making his 
measurement; however, the faster atoms in th» atomic 
fountain were found to scatter the slower atoms out of the 
beam and thereby make it impossible to obtain accurate 
measurements . 

Thirty years later, in the 1980 's, a technique for 
slowing atomic motion known as laser cooling was developed, 
intense laser light normally causes matter to heat up and 
thus increase the random motion of the atoms. Under 
special conditions, however, it is possible to use pairs of 
laser beams properly positioned and operated to reduce 
atomic motion. This process is referred to as laser 
cooling. 

One form of laser cooling uses a spherical 
quadrapole magnetic field and six laser beams aligned in 
pairs along each of three orthogonal axes to form an 
"optical trap." The effect that the light from these 

l 9 ^ 1138 ° n at ° ms is a P^nomena unique to atomic physics 
which has no analogy in daily experience. The light from 
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f the laser b eams pushes the atoms harder when they 
each of the laser b P ^ rooving away 

are moving toward the laser rn Drevent an atom 

* - ^hp laser The six lasers combine to prevent a 
from the laser. moving much at all , 

from going anywhere and, "> deed ' creating a 

thus reducing its temperature and, in essenc 

cooling process. 

• v..»^= are circularly polarized such that, 

^ T ctTith the atoms in a magnetic field, they 
when they interact with the a rf spaoe 

al so force the atoms ^ That pro cess is 

in Renter o, the m g net! ^ ^ ^ ^ 

described m an article 

in 59 Phys. Rev. Lett. 2631 (1987). 

. a „ ..-de to use very cold neutral 
atoms in .xp.r.m.nts desxg transltion of cesium and 

of the microwave such an appara tus could 

sodium atoms since in pr n pl^ ^ ^ small 

systematic errors ^ those 

have been far from ideal . In or 

experiments it has been ™°*°™ t0 J£ior,, the signal to 
chafer, which is ^.rimen^ have so far 

noise reticle, »*- ol the concept. 

heen low, has not yet pro du=ed a practical 

consequently, the art n coiling process 

frequency standard using this type of 

tor cooling the atoms. 

=,-(«.s in confining atoms using a 
A further problem arises in con , 

tic field Hagnetically confined atoms have been 
magnetic field, m g £req uency standard 

considered unsuitable for use wirn „._, tlc fle id 

of en atomic clocK because variations in magnetic 
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strength produce variations in the transition frequency 

cause m *"* reSUlti " 9 SPeCtnM - ThSSe —i^ions can 
cause both irregularities in the frequency of the atomic 

clock, as well as render the magnetically confined atoms 

f"id 3 L in t r atoaic ciook - The str9ngth ° f «» 

held and the amount of resulting smearing also depend on 

SteLTr T ° f ^ m bein ' -n«ned. *h e 

eternal kinetic motion of the atoms in a conventional 

to Itta^ 1 ** T t0 ° Str ° ng a "^netic "eld 

to atta ln confinement, and no attempt at reducing the 

kinetic motion through reduced temperature has been known 
to produce a useful transition. 
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In view of the foregoing, it should be w«Jt 
mi exists a need in the art for a method of 
that there still exists an requenc y 
and apparatus for producing a high perfo 
standard which is more accurate and less . 
freguenoy standards which' are currently available. 

« is another object of the present invention to 
»tili 2 e optical cooling to minimize atomic transitions in 
magnetic field. 

It is yet another object of the present -invention 
to create an atomic doc* using an atomic fountaxn. 

Th ese and other objects of the present invention 
are obtained using a sealed gas vapor cell that xs 
integrated with a single microwave resonance «vxty 
individual ata~ are launched into the resonance cavxty 
ind traD us ing a shift in the frequency of the 

from an optxcal trap usmy 

4n« laser light so as not to heat the atoms in the 
incoming laser i^" 1 - ~ „ i-~ er 

process. The laser light preferably comes from laser 
process. -fc 4«. 0 f the light can be 

diodes and the frequency shxft of tne xxg 

generated by moving two mirrors. 

The present invention uses a laser cooling process 
to slow the atoms before launching them in a ballxstxc 
traiectory. This laser cooling process reduces the 
S^TL*!- motion of the atoms before gravity slows 
the ballistic motion of the atoms. 

The laser cooled atoms can be made to move slow 
enough to serve as a source for an atomic fountain. 
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Further, through the operation of the present invention 
atoms, for example cesium atoms, can be stored in a vacuum 
chamber and optically trapped as needed by actuating the 
laser trap without need the of «pre-cooling» the atoms. 
The atoms can then be launched on a ballistic trajectory by 
changxng the frequency of the laser light along the axis of 
desired motion. 

The vacuum chamber in accordance with the present 
invention can include a sealed-off glass bulb which 
encloses a microwave resonance cavity. Pairs of laser 
diodes are appropriately positioned around the chamber 
These laser diodes are used to supply the laser light at 
the resonance frequency of the atoms, i.e. the frequency at 
which the atoms absorb the laser light. 

The present invention uses beams of laser light to 
trap and cool cesium atoms in a small vapor cell and to put 
the atoms in a particular quantum mechanical state The 
lasers are configured so as to launch the atoms in an 
upward direction, and then to optically pump them into the 
clock — — ---- • - 




state before turning the light off. The 
atoms rise to a height of, for example, about 4 cm before 
falling back due to gravitational forces. That height is 
arbitrary and only a matter of optimization of the 
particular operation. 

The atoms pass through a microwave waveguide during 
both their ascent and descent. The microwave field is 
applied briefly each time the atoms are in the center of 
the waveguide so that the microwaves excite the cesium 
"clock" transition. 
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once the atoms have fallen back to where ^ 
started, the laser fields ere usee to ^J^i^ 
of the atoms that make a quantum mechanical 

irtn^rrr to^t —r^— 

frequency. The laser co » muoh 
present invention, however, causes the atom 
!ore slowly than in conventional atomic clocks. For that 
reason Z stream of atoms stays together for a longer 
"me period and, therefore, can he observed -er a longer 
period for significantly improved measurements. The 
Siting width of the atomic resonance is much narrower. 

^rthermore, the slower velocity of the "ems »eans 

that the present invention can use a smaller cell than 
that the presen That comp act size 

those used in present atomic clocks. Tna P 

B akes the present invention far more P>™*»»\ 
^. la arw , easier to shield from external 

=r- : — zr — "th^se 

tbrt increase as the velocity of the atoms increase. 

yet another embodiment of the present invention 
ootically cooled atoms with a magnetic 
combines the yatiations in the (relatively, 

confinement track- «»« ne atoms produce 

strong magnetic field neeaeo 
variations in the transition frequency 
Irregularities in the frequency of the atomic clock 
irregularis reauire substantially less of a 

optically cooled atoms require s 

magnetic field to attain confinement. Moreover, the 
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energies for properly selected transition 
states, such as the 6S F=3, m=l to 6S F=4, m=-l transition 
in Cesium, shift in substantially the same direction and by 
substantially the same amount in response to the ap- 
plication of a magnetic field. 

» 

Hence, it has been discovered that the combination 
of a (relatively) weak magnetic field to confine the 
optically cooled cesium atoms and a (relatively) 
insensitive transition combine to enable optically cooled 
atoms to be magnetically confined in two dimensions without 
disruption of the transition frequency. These atoms remain 
free to move in a third dimension. This allows the 
vertical "atomic fountain" to be turned into" a nearly 
horizontal "atomic -incline. " Because the atoms are sliding 
up and down a gradual incline in this embodiment, the time 
they spend between transits through the microwave cavity 
can be many seconds instead of the tenths of a second 
possible with the "fountain" geometry, and the thousandths 
of a second achieved with current atomic beam clocks. This 
longer time between the applications of the microwave field 
produces a corresponding decrease in the width of the 
atomic transition of interest and thus a more precise 
clock. 

Confining the atoms on a track also has a further 
advantage. The track can be used to guide the atoms around 
corners to optical stations where they can be optically 
probed, such optical stations may be out of sight of the 
optxcal trapping region or the microwave transition region. 
This eliminates the necessity of turning off the optical 

mg and cooling lasers during the measurement process 
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and hence aUows continuous or ^continuous n easu r e»ents 



of the frequency 
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BRIEF DR.gpPTPmT QN Q P TWT . DRAWTWr .g 

accordinrr^ 1 *" * Cr ° SS SeCti ° n ° f * ^l"-** standard 
according to the present invention; 

■ 

Figure 2 is a cross section of the optical trap of 
the frequency standard shown in Figure l; 

Figure 3 shows the microwave waveguide for the 
frequency standard shown in Figure l; 

Figure 4 shows the optical configuration used to 
provxde the laser beams needed for the optical trap of 
Figures l and 2; . p 

Figures 5 and 6 show an alternate embodiment of the 
present invention using optically cooled atoms trapped in a 
magnetic field; and 

f^ Ure 7 sho »* details of the magnetic field used 
to trap the atoms in Figures 5 and 6. 
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Referring now in detail to the drawings wherein 
,<v. ™rts are designated by liKe reference- numerals 
liKe parts are da g figure 1 the frequency 

throughout, there inventlon . ^ freguency 

standard system of the present i 
standard system includes a vacuum chamber 1. which 
preferably made from glass or metal and has a low 

„<m-v to helium- The vacuum chamber 1 encloses . 
permeability to helium ^ vaclon 

»icrowave resonance cavity 2. A pum P , 

pump, not shown, may be used to maintain a high vac 

the vacuum chamber !• 

A small glass finger 7 is connected to the . vacuum 

» „»lve 16. The small glass finger 7 is 
chamber 1 by means a valve 16. oular speci e S 

utilized to contain a small -~t of P^ ^ 

of atoms, such «; . u J lized to cool the 

5 . A ~°,er 7 to about -20 Centigrade. An 

bottom of the glass valve lt ln the 

electronic sensor, not shown, ci „ 7 „, oe eds a 

event that the temperature in the cold finger 7 exceeds 
predetermined level, such as -10 Centigrade. 

Alternatively, the cesium vapor pressure can be 
Alter™ jr -esium in some compound or 

controlled by incorporating the cesium ^ 
by binding it to a surface so that the vapor P 
about 5 nanotorr at the operating temperature of the 
about .5 nan possi ble to add cesium 

vacuum chamber 1. It « a P an d to produce a cesium 
directly to the vacuum chamber 1 and to pr 
directly orr so that the cesium remains at that 

pressure of .5 nanotorr * 
value after the cell has been sealed off. 
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Two lasers 3, 4, which may preferably be laser 
dxodes, are utilized to launch light into the vacuum 
chamber 1. The light from the two lasers 3 and 4 passes 
through two lenses 33, 34, respectively, or comparable 
devices such as mirror. optics, which focus the light from 
the lasers 3 , 4 at the center of optical trap 12 which is 
contained within the vacuum chamber 1. The optical trap 12 
is shown in cross-section in Figure 2. Mirrors 43 and 44 
which are aligned with two of the entrances to the optical 
trap 12, reflect the laser light exiting from two of the 
windows of the optical trap 12 back into the optical trap 

» 

A plurality of guarter wave plates 52-57 are 
utilized as shown in Figures l and 2 to create the 
circularly polarized light needed to trap the atoms 
according to the magnetic-optic trap scheme described by E 
Raab, et al., 59 Phys. Rev. Lett. 2631 (1987). The quarter 
wave plates 52-57 are oriented to produce an optical 
trapping force in a known manner as discussed by in the 
above reference. 

As shown in Figure l, the mirrors 43, 44 located 
above and below windows 53 , 54 are mounted on a tracks 58 
59 such that it can move vertically as will be discussed ' 
later herein, a pair of lenses 71, 72 are attached 

the^ *? T WallS ° f ^ ™ Chafflb6r 1 and around 
the optical trap 12 as shown. Those lenses 71, 72 focus 

light emitted by the atoms in the optical trap 12 onto 
silicon photobodies 81 and 82. The current from those 
Photobodies is supplied to electronic circuitry, not shown, 
for analysis according to known procedures. 
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The entire vacuum charter 1 is surrounded by 
• T.^ coils not shown, which produces a uniform 
magnetic field coils, *ot air ection. That 

30 ,G magnetic field in the ve shielding 

^environment from penetrating the vacuum charter 1. 

> ■ 

T?imiY-A l is constructed in 
The apparatus shown in Figure i is 

T?-5v<=-t the vacuum chamber 1 is 

^ following manner- First th^ ^ 
thoroughly cleaned and then eva ^ 

vacuum practices so that a P ressur dlstilX .d into the 

■ The cesium is then aistmcu 

lower is achieved. The ces alte rnatively 
charter 1 from the glass finger 7 or 
scribed above, and the charter l. . sealed «t. 
Mternatively, an ion pump can he attache 
charter 1 in order to ma nt. ^ or 
such a pump can be operated eicn 
intermittently, as Known in the art. 

Referring now to Figure 2 , there is shown a cross- 
sectional view of the optical ^J^J^ 
windows. 61-64, made of glass^ sapphire or ^ 

which preferably has a ^T^l splitter 

sealed to the vacuum — optlcs , suoh as the 

: SorT dire t tie laser ligbt through a guarter wave 
pTte trough window 64 into the optical trap 12 . 

Figure 1 shows how the present invention requires 
Figure i microwave cavity 2 

™i„ » sinale microwave cavity z. «>= 

only a single m „„ tioa i trap 12 and integrated with 

is positioned above the optical trap 

the vacuum charter 1. The cesiura 
atomic transitions between the atomic states 
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atoms as known in the art. The preferred embodiment of the 
microwave cavity 2 is shown in a top cross-section view in 

,f Sh ° Wn in Figure 3 ' **• microwave radiation loo 
enters the microwave cavity 2 from the region A and is 
equally divided into two travelling waves, B and c. The 
microwaves form a standing wave in region D. it is that 

thTl^ T! ^ eXCitSS *** at ° mS that are e ^ ct *° ^om 
the optical trap 12 into the microwave cavity 2 . • The • 

magnetic field thus aenera-t-erj 4-v_ 

linearis ™i • 7 . 9W * K * t " 1 ln the ^crowave cavity 2 is 
linearly polarized in region D and points along the 

direction of a chosen "quantization axis" which may be 
chosen to point out of the page of Figure 3 along the z- 

axis or along the x-axis. once elected i-ho 
obtieai ejected, the atoms from the 

optical trap 12 pass through the hole E in the microwave 
cavity 2 and are then excited with respect to the 
quantization axis. The hole E may preferably have a 

cavTtH ° f ' eXaaPle ' 5 millimeters - ^e microwave 
cavity 2 may preferably be made of copper. 

in addition to being excited with respect to the 
quantization axis, the cesium atoms in the optical trap 12 
must also be optically pumped with respect to that 
quantization axis. Additionally, a weak bias magnetic 

alona IT ^ * " ° PtiCal tra *< ****** 

along the quantization axis, it has been shown by a. De 

Marchi et al. , i„ IEEE Trans. Inst, and «eas. 37/1.5 
(1988) that such a microwave cavity 2 is particularly 
suitable for reducing the cavity phase shifts which are the 
most troublesome systematic frequency shifts plaguing the 
current generation of atomic clocks. The cross-section of 
the microwave cavity 2 is designed such that the magnetic 
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fi eld produced therein is linearly polarised ana is 

along the guantisation axis. 




,.=vitv 2 is joined to the optical 
microwave cavity 2 3 ^ ^ ^ ^ 

tra p 12 using glass to -W mlcrowaves M 0 are brought 
overall vacuum \ standard practice and 

into the vacuum *«*^ ^ toe mlcr owaves 100 is set 
procedure. The powa l-el , and c is 

such that the P « er in bot^ ^ to . „ 
matched and that a d m f 
excitation of the clocX transition. 

o ™ode of operation of configuring 
Figure 4 shows one mode of °P pro duce 

w-i mires 1-3. Lasers j » " 

the laser ught. Th M qu ^ frequenoy 

controlled using a variety ^ ^ ^ f<w 

control schemes. Althougn £un ction can be 

controlling the light from the lase , 
performed by directly changing its in: 

t t of each of the lasers 3 , 4 may be anti- 
One facet of each ^ ^ 

reflection coated such that toe ' ^ grating . The 

facet is reflected bacK off controlle d by adjusting 

lr .gu»cy of the current through the 

the position of the grating ^ ^ laser 

vapor . 

* ««p laser can be set to within 20 
Th e frequency o one laser ^ of cesium . 

„HZ of the 6S (F=3> to 6P (3/2), ant as lon g 

The exact frequency of the laser 
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as it xs in the vicinity of the 3 to 4 ' or 3 to 3 • 

transitions. The frequencies for the lac^ a 

a few MHz without affecting th cl^ He V * 

the F' value for the 6P <3 /2 T F < Tl H6nCef0rth ' ° nl * 

(3/2), F' state will be specified. 

As shown in Figure 4, the beam f*™, «. , 
sen* 4.1. oeam from the laser 3 is 

sent past the shutter ai . , x J iS 

™ * «««er 83 and then expanded by a bea™ 

expander 84 , in order to produce a 1 • «/? 
example, o.75 cm in di*™ T coll lna ted beam of, for 

apertured to^ .rTS-^J^ 1 - * 
the microwave cavity 2 . Th ^ IZ 3 ^ " * 

have a power of between 1 and io mW ^ e ^.^-ably 
being approximate. The laser bel PreC1Se " 

»irror 85 and is co2VT " reflected . of f of the 

ailu J-s combined with th<a n-u*. 
second laser 4 usin« * k * Produced- by the 

4, using a beam splitter an k~*_ 
the optical trap 12 . ^ ^ to 

1 r:;r? beiow tee 6s - ~ * - « « 

The light beam produced by the s*™r„* ! 
passed tnrou g h an optical I * a ™™*J*™ « - 

-auiator „ . alternatively, lt J? 

the two laser beams 3 and 4 i„ eu=h P" slb l<= to align 
•1 is not necessary. A lteL Cy anoLTl' ^ 
utilized to obtain the F-4 to F'«4 exeitatl ^ ^ ** 
IV in Figure 4 m- * • excitation l lgh t, beau 



in another alternative, the pumping step describe 
herein may be omitted anrt aescribed 

omitted and the signal produced for use by 
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,- C al trap would be reduced a factor of 7. Another 
the optical trap er ing sch eme using 
alternative xs to utxlxze a P _ ^ 

the F=4 to F=5' light, wh^h ^ opt . cal trap 

scheme would reduce the signal P 



12 by a factor of 3. 



o-, wvi-fiv nroduces a frequency 
The modulator 93 briefly pro ^ 

shifted beam of light, beam IV in Fxgure 
6S F «4 to F-4 transitxon of cesium 

*-s~ a i i-rat> 12 through lens 72. as win « 
into the optical trap J# mod ulator 93 

described later herein, most of the txm , 
is turned off and does nothing. • • • 

After the modulator 93, the be™ from the laser 4 
• Gutter 95 and transverses a beam expander 97 . 
passes a shutter ao 97, the beam is, 

M ter passing through the beam «*»^^ 7 ^ 
f or example, a collided beam of 0 75 - rn 
tf* light is split into slcond 
shown in Figure 4 . Bee. . pi itter ^ 

beam I! which contains about 30% o the p ^ 
lase r 4 to the window 50 as shown n Figur ^ ^ ^ 

retiect : z * : rjtr— ■ ■« - «— 

power of the laser b Qf ^ lasers , 

Beam splitter 87 combines 1 into the optical 

and 4 to form beam I which is ^ 

*ra> 12 as shown in Figure 2. Li9>>t rro „ f 
trap 12 as of Flgure 2 and 44 of 

reflects from mirrors m 
Figure 1 back into the optical trap 12. 

in order to launch the atoms into a fountain, it is 
neeeeser, to utilise at least one of ^ ^ „ 
St 1.^-— them with a single 



I 
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»™ " KhiCh " 90in9 UpWard - ilthou * that 

approach lS simple, it also heats the atoffls tthich ^ 

27? ° Ut fSSter - An ° ther m * in *** ^ launch 

17;; fOUntain ls to the freguency of the 

laeer light for the vertical pair of laser beems. 

without ™\ Pr * teirad Ba thod of launching the cesium stems 
without heating them is to shift the downward travelling 

^ "°- 4 ™ the upward going User 

propagating in the horizontal plane, such freguency shifts 
reguire that the bottom mirror 44 he moved twice as fast as 

the top mirror 43 in the directions indicated by the arrol 

shown i„ Figure Alternatively , aoousto . optic y ^ ™ 

trZT° Pt i C bS UtUi2ed t0 the 

frequency shifts. 

invent • ^ Stanaard f derated by the present 

Z2 obtained uslng the foll ° Bin * ~ure. 

First both of the lasers 3 a „d 4 are turned on and the 4 

to 5 transition. Current is sent through the 
antiHelmholtz coils 21 which surround the optical trap 12 

a": r C er- p d T i - ihe systen re " ai - * ^ ^ « 

a short period of time, for example, o.l seconds, during 
which time the atoms, here cesium atoms, are enured out 

traP^X T ** C ° ld ' in9Sr ' ^ haW in ^ optical 
Z Ml TT »«~"».- The laser light received in 
the optical trap 12 cools the ti-ar,^ - • 

250 microkelvin "* eS1 ™ atOTS t0 about 

The current to the antiHelmholt 2 coils 21 is t h ,„ 
turned off and the freguency of the l a sers 3, 4 is ch^gsd 
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to 30 megahertz below the 4 to 5' resonance. The cesium 
atoms are then cooled to less than 10 microkelvin using 
laser cooling. After 2 ms, the track 58 moves the mirror 
43 upward at a velocity of 0.45 meters per second and the 
mirror 44 is moved upward at a velocity of 0.9 meters per 
second by a second track 59. The mirror 41 tilts to keep 
the base light centered on window 50. 

The movement of the two mirrors 43, 44 causes the 
small cloud of cesium atoms in the center of the optical 
trap 12 to move upward with a velocity of 0.9 meters per 
second. That movement continues for 2 ms, at which time 
the shutter 95 closes and the acousto-optic modulator 91 is 

turned on. 

The cesium atoms are illuminated by beam IV for 0.1 
ms by a 0.3 mW per cm 2 beam of light from the laser 4 which 
is tuned to the 4 to 4' resonance. Beam IV is the two 
frequencies of laser light from the laser beams 3 and 4, as 
previously described, combine to put all of the atoms into 

the 6S F=4 m=0 state. 

The lasers 3 and "4 are then switched off and the 
cesium atoms fly freely upward. During the time that the 
lasers 3 and 4 are switched off, the mirrors 43, 44 
returned to their starting positions. When the atoms reach 
the center of the microwave waveguide 2 about 0.022 seconds 
later, the microwaves 100 in Figure 3 in the microwave 
cavity 2 enter for 5 ms. The frequency of the microwaves 
100 is set such that it is half way down the high frequency 
of the 6S F=4, m=0 to 6S F=3 m=0 (the "clock" transition) 
of the central Ramsey resonance fringe. The cesium atoms 
then continue to rise into the microwave cavity 2 until 
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they are about 4 cm above their starting point, at which 
point they come to a stop because of the force of gravity. 

The atoms fall back through the microwave waveguide 
2 and, when they are again in the middle of the microwave 
cavity 2, an identical 5 ms microwave pulse is applied 
The atoms fall through the hole E in the microwave cavity 2 
and return to the region of the optical trap 12 after about 
0.18 seconds from the time they started upward. At that 
time, the main beam from the laser 4 is turned back on by 
opening its shutter 95 while at the same time the frequency 
of the laser 4 is reset to 7 megahertz below the 4 to 5' 
resonance. At that point, the two detectors 81 and 82 col- 
lect the fluorescence light from the cesium. • The current 
from the two detectors during the first 5 ms after the 
light from the laser beam 4 is turned on is integrated and 
the value stored. After the expiration of 5 ms, the laser 
3 is again turned on and the detector currents from the 
detectors 81 and 82 are again integrated for 5 ms and 
stored. By dividing the first value obtained from the 
detectors by the second value, the probability that an atom 
underwent a transition during its flight is obtained, in 
accordance with known methods. 

Other known methods of normalization can also be 
used, such as measuring the fluorescence signal before the 
atoms were launched, or extracting the transition 
probability from only the first fluorescence signal without 
normalization if the number of atoms is sufficiently 

constant enough. The reanifirm t»l.~ • 

9 Ane resultln ? valu * is compared with half 

the original value. The difference indicates how far the 
microwave source has drifted with respect to the atomic 
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frequency. The frequency of the microwave source is then 
corrected by the appropriate amount. 

j c «e -Fluorescence measurement, the 
After the second 5 ms uuoreswi 

on and the cycle „ repeated . cesiun at oms is 

microwave '""^l^Z Z -agency aide of 

changed from being hair way 

resonance to half way down the low frequency s.de. 

Everything else remains the same. 

The principles, preferred embodiments and modes of 
operation of the present invention set forth above should 
not be interpreted as limiting the present invent-. 
Kumerous alternative embodiments are 

example, laser beams could be confmed » optical fibers 
wl th all the switches, beam splitters H^"^' 
fiber compatible elements so long as the total force 
verted on the atoms from all the beams add up t zero 
the center of the trap. Four tetragonal beams, for 
example, would also work. 

It is also possible to form the optical trap 12 

^ The "atomic fountain" could be 

with different geometry. The a 

replaced by having the atoms sxmply fall, « whic 
Jcrowave structures would be needed ™ ™ *^J 

through with : --7^; 5 r^- -e 
^f^ion at the bottom, it 15 OAOW ^ 

r a arching parabolic path which would pass through 

-xa^ while aaain needing a separate 
the two microwave fields, wnne agaxi 

^ ectln region, a parabolic arch has the "e^ 

shielded from the light emivcea 
ailowina the atoms to be shieiaea * ^^^^ 

from oh! initial trapping and final detection regxons whrle 
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they were in and between the microwave fields. The 
trapping region could thus be an "atomic funnel" of the 
sort demonstrated in a recent article in the Physics Review 
Letters by E. Rxis, et al. 64 Phys. Rev. Lett. 1658 (1990, 
xn whxch atoms go up continuously rather than in pulses. 
The resulting clock transition signal would also be a 
continuous rather than a pulsed signal, it is also 

rlth^V 0 ^ Cl ° Ck Wlth atOMS of 

rather than cesium since only the wavelengths of the laser 

xignt and the microwave frequency would change. 

Yet another embodiment of the present invention 
shown in Pxg. 5 . This embodiment uses a magnetic 
confinement guide 106 to guide the atoms from the . optical 
trap 1 12 into a second vacuum chamber no. m this 
embodiment the optical trapping region is simmilar to that 
shown xn Figure l and 2 except that it is rotated so that 
the laser beams which were vertical in those fi gure s, now 
are at an angle of 30 degrees with respect to the 
horxzontal, as shown in Fig. 6. 

The atoms are launched and cooled as discussed 
above xn connection with the the previous embodiment 
except that instead of shifting the frequencies of the 
beams by + and - 0.4 megahertz they should only be shifted 
by + and - 0.3 megahertz. This alternative frequency shift 
vxll result in the atoms landing on the magnetic 
confinement track 106, which is positioned at a distance 
for example, of 1.5 cm from the center of the optical trap. 
In this example, the atoms will arrive at the track 106 
wxth no vertical velocity and a horizontal velocity of 
about 50 cm/sec. Y 
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r 

!„ this example , the atoms could be 
• everv 0.1 seconds, and the trapping laser 

approximately every 0 imie4iatelv after punching 

T TheTauno h .d atoms need not he subjected to 

and cooling. The la ^ of ^ 

any optical pumping, in whicn 

atoms (about 1/9) which are in the 6S F 4, ml 

be used in the subsequent frequency measurement. 

Other embodiments are of course possible. «r ^ 

. A fh ie embodiment would be to. use 
example, one alternative to this embodi 

. , i„ nn1a rized light which excites the F-4 to r 
3 " to 1 -Ihe Items into the es «■ - ^ 
mediately after launching, as soon as £ 
chamber 110 they would be converted into 
using magnetic and radiofrequency fields through 
process Known as "adiabatic fast passage . 

As illustrated in the top view shown in Figure 5, 
the should continue along £ T 

— helow, and then through microwave cavity^ 

which is exactly half the standard cesium "clock 
which is exact y thr0 ugh the microwave 

- mv»e atoms must pass tnj.uuy» 

frequency. Tne a perpendicular to 

cavitv 100 so that the guiding tracK is per? 

microwaves excite the F-4 , m to cavi 

i-^n^ition The microwave power is coupled into x; 
transition, me the tjjae 

as before and the power level is set so 

tne atoms pass through the cavity they experience a /2 
pulse for the two photon transition. 
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After leaving microwave cavity 100, the atoms 

The rise 107 slows the atoms to about 10 cm/sec. The atoms 
continue along the horizontal track 106 for about 50 cm 
until they reach the end at 108. The track 106 can follow 
any shape in the region between 107 and 108 as long as the 
track remains horizontal. At end 108, the track 106 goes 
up at, for example, a l cm rise. The atoms, however, will 
go up only a small fraction of this height before reversing 
their path and coasting back down the track in the opposite 
direction. This motion leads them back through the 
microwave cavity and then through the observation region 



The observation region 111 is illuminated by a 
laser beam which comes through a window 122 in the top of 
the vacuum chamber lio Th*» lao^v- v. , 
c^i er beam can be obtained by 

splitting off a small part of laser 3 and sending it 

through an acoustooptic modulator 122 which shifts the 
frequency of the laser light so that it excites the 6S F= 3 

is 3 P r 2 \ ranSiti0n ' In the ™* a**™, the laser beam 
xs 3 mm m diameter and contains o.l microwatts of power 
This laser beam excites the atoms which have made the two 

TT tranSiti0n ' The ato - are excited will 

reemit photons which are focused by lens 122 onto detector 
123. This signal from detector 123 can be used to 
determine the microwave frequency as in the previous 
embodiment* 

in the embodiment shown, the atoms are loaded onto 
the magnetic guide every 0.1 second, but in the io or more 
seconds they take to go up and back on the guide the 
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individual bunches will spread out by more than their 
original separation. The signal at observation region 111 
is thus made continuous. 



The vacuum chamber 110 can be constructed from 
glass and metal using standard techniques. The vacuum and 
vacuum chamber 110 can be retained at a pressure of 10" 10 
torr or less using pump 140 and known methods as discussed 
above in connection with the first embodiment. The vacuum 
chamber 110 is preferably surrounded with well known 
magnetic shielding material to prevent external magnetic 
fields from penetrating the chamber. Alternative 
structures are possible, of course, provided that the high 
vacuum is maintained. 



The magnetic guide is shown in detail in Fig. 7. 
It is made up of 4 wires 102-104. The magnetic confinement 
is provided by the wires 102 and 103. These wires, in this 
embodiment, can be spaced apart by about 1 mm and carry 
currents of 10 amperes each, with the currents flowing in 
opposite directions as illustrated by the arrow head-and- 
tail notation. As shown in Fig. 5, this current comes into 
and leaves the vacuum chamber through standard feedthroughs 
by way of the wires 102 and 103 which are connected 
together at connection 108. Wire 101 has a current which 
is opposite to that of 102, and this same current returns 
along wire 104 opposite to the flow in wire 103 . The 
current through wire 101 and wire 104 is carefully adjusted 
to insure that the magnetic fields felt by the trapped 
atoms is vertical and no larger than 0.2 Gauss. The wires 
are mounted on a support structure 105 which holds them 
ridged and conducts away the heat generated by the 
currents . 
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Alternative confinement structures could be made 
using additional sets of wires which would allow more 
elaborate control of the magnetic fields. For example, 
with an additional set of four similar wires placed 
slightly above the wires 101-104 shown, the atoms could be 
more rigidly confined against up and down motions. This 

!en!^ atiV ! StrUCtUre WOUld the atomic clock less 

sensitive to vibrations. 

* 

■ • 

An alternative embodiment to the magnetic 
consent shown in Figure 5 would be to have the atoms go 
through two separate miorowave cavities. This could easiL 
be accompiished by having the magnetic guide' 106 go through 
two cavities, with the observation region m being a^er 
the second cavity. 

• thlng ne6ded t0 ° btain ° nly a «»" *»°unt of 

smearing in the embodiment shown in Figures 5-7 is to 

TZ « ! PPr ° priate transition to measure. For example, 
in the 6S F=3, M-l to 6 S F=4. „.-! transition in Cesium 
the magnetic field shifts each state by substantially^ 
same amount in substantially the same direction. ThL 

reauirlnr,! ran ! iti0n lnVOlV6S 8 " tW ° Ph ° t0n ^ition" 

^LTt^tS^rr two photons with a frs ~ ° f 

i:ne transit,™ energy. The transition can be 



accomplished using a 4.6 GHz sianai frv», . 
This tt.»«e44.^- — . signal from the cavity loo. 




altho^h ^ itAOn ^ CeSiUm " particularl y useful because, 

f £ tit : n : rg i of both states shifts with «*-^ 

lilt l * alm ° St the sa » e pendency on the 

magnetic field. As a resultf the transition 

the two states has verv lween 
• ^ little frequency shift and the 

confining magnetic field causes little smearing. 
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a future needed to reduce smearing by the 
The second feature neeu« 

confining magnetic field U «. ~ ^ L 

— it^n-n^r* « , c an be 

™ tlThe oint where the downward magnetic 
f eTgLient is «- - thematic 

field will be less than, for example, 0.2G. These 
field win »tomic transition frequency to have a 

conditions ^ ^ small side lohes 

epectru. with^ central p £requency of the 

separated by the side t nag „etic field 

atoms in the magnetic guide 106. The mag 

... „► „f 9fiG/cm also overcomes the force of gravity 
gradient of 96G/cm ai magn etic guide, 

that the atoms remain moving along 

ft confinement field of only 0.1G requires that the 
«_ be very cold. A temperature of 1 degree microKelvin 

atoms be very com variation of less 

win permit the atoms to sample a field va 

than 0.1G. This temperature, of course can 
using laser cooling in the °P«*£ atoBS 
l0 w temperature and a ^J^/™,'^ ^e 
will remain within the magnet- trap form y ^ 

106 for an J^' J "sinuous detection 

resonance line^ *™ ^ signal to noise at 

of a signal will also perm * factor s will result 

the detector. The combination of these fact 
in greatly improved clock performance. 

The technology discussed in connection with Figures 
X - 4 when used in conjunction with that discussed in 

• 7n will permit an integration time of more than 

Figures 5-7, Will 0 .05Hert 2 . That accuracy 

ten seconds and a line wioxn 01 
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represents a substantial improvement over current atomic 

C -LOCKS • 

The magnetic guide 106 has advantages in addition 
to narrow line width. For example, the continuous 
monitoring of the signal is more advantageous than the 
atomic fountain disclosed in Figures 1-4 since there is 
less chance of significant errors in the main oscillator 

b ' tVa ° n PUlSeS - the atoms 

can be confined on a track independent of motion of the 

clock thus leading to a device having increased tolerance 
to mechanical vibration. trance 

• - 

in view of the multiple alternative embodiments of 
the present xnvention, the forgoing specification should 
claims 6 . "^"^ 35 """in, the scope of the following 

Although only a few preferred embodiments are 
specifically illustrated and described herein, it Mlll be 

pres^enr ^"^"^ - ^ions of the 

present invention are possible in light of the above 

L^L Partln9 £r0 " SPirlt Md — «* the 
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whit t;s CLAIMEB IS; 



1. 



A precision frequency standard, comprising: 
means for optically trapping atoms; 
means for ejecting the optically trapped atoms 

from said optical trapping means; excit ation 

means for exciting the atoms, the excitation 

means including a microwave Qf atoms exited 

means for measuring a fracrion 

by the excitation means; • exc ited 

means for comparing the fraction of excited 

atoms with atoms that have not been excited; and _ 

means for adjusting the microwave oscillator 
to maximize the fraction of atoms being excited. 

2 a precision frequency standard as claimed in 
claim 1, wherein the ejecting means 

shifting the frequency of the light in the optical trap 
along one axis. 

3 a precision frequency standard as claimed in 
claim 2 , wherein the frequency shifting means comprise two 
movable mirrors- 

4 a precision frequency standard as claimed in 
claim 1, wherein the optical trap comprises means for 
directing laser light along six axes. 

5 A precision frequency standard as claimed in 

• ***** lasers produce the laser light, 
claim 4, wherein diode lasers prou 

6 A precision frequency standard as claimed in 
claim 1, wherein the atoms are atoms of cesium. 
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7. 



An optical trap, comprising: 
means for generating a plurality of laser 

beams ; 



aeans for directing the laser beams to a three 

zeTi"T !" 9et ""» ^ tte Mt "** pressure is 

zero xn the target area; and 

means for changing the frequency of two laser 
beams along at least one axis so as to make the light 
pressure nonuniform along the at least one axis. 

the direct ^ ° PtiCal " in Clai * 1 ' wi ^ein 

the directing means comprises means for pointing a 

Plurality of laser beams at the target area. 

^ 9. An optical trap as claimed in claim 7, wherein 

the means for generating a plurality of laser beams 
comprises laser diodes. 

th. * 10 ' ° PtiCal ^ aS Claimed in clai * 7, wherein 

the frequency changing means comprises two movable mirrors 

11. An optical trap as claimed in claim 7, further 
comprising: ' Aurtner 

means for forming a vacuum around the optical 



trap; and 



means for introducing a predetermined species 
of atoms into the vacuum. species 

12. The optical trap as claimed in claim n 
wherein the atoms are atoms of cesium. 
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WO 91/19413 



PCT/US91/0365' 



- 33 - 



13. An article of manufacture, comprising: 
a stream of optically cooled atoms that are 

launched in a ballistic trajectory using light pressure. 

i 

14. A method of measuring time, comprising: 
optically trapping atoms; 

ejecting the trapped atoms from the optical 

exciting the atoms with a signal derived from 
» • 

measuring a fraction of atoms excited by two 
pulses of microwave radiation from the oscillator; 

comparing the fraction of excited atoms with 
atoms that have not been excited; and 

adjusting the oscillator to maximize the 
fraction of atoms that have been excited. 

15. A method of measuring time as claimed in claim 

14, wherein the step of ejecting the atoms comprises the 
step of shifting the frequency of the light in the optical 
trap along one axis. 

16. A method of "measuring time as claimed in claim 

15, wherein the step of frequency shifting comprises the 
step of moving a mirror. 

17. A method of measuring time as claimed in claim 
14 , wherein the step of optically trapping atoms comprises 
directing laser light along six axes. 

18. A method of measuring time as claimed in claim 

14 f wherein the atoms are atoms of cesium. 
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19. A method of optically trapping atoms, 
comprising: 

generating a plurality of laser beams; 

directing the laser beams to a three 
dimensional target area such that the light pressure is 
zero in the target area; and 

changing the frequency of two laser beams 
along said at least one axis so as to make the light 
pressure nonuniform along the at least one axis 



20. a method of trapping atoms as claimed in claim 
19, wherein the step of directing comprises pointing a 
plurality of laser beams at the target area. 

21. A method of trapping atoms as claimed in claim 
19, wherein the step of changing the frequency of the two 
laser beams comprises moving two mirrors. 

22. A method of trapping atoms as claimed in claim 
19, further comprising the steps of: 

forming a vacuum around the optical trap; and 

introducing a predetermined species of atoms 
into the vacuum. 

23. A method of trapping atoms as claimed in claim 
22, wherexn the atoms are atoms of cesium. 

24. A composition of matter, comprising atoms that 
-~ optically cooled and launched along a ballistic 



■ 25. a composition of matter as claimed in claim 
24, wherein the launching involves using light pressure. 
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26. A composition of matter as claimed in claim 
24, wherein the atoms are atoms of cesium. 

27. An optical trap as claimed in claim 11, 
wherein the vacuum forming means comprises a sealed cell. 

28. A method of trapping atoms as claimed in claim 

■ * 

22, wherein the step of forming a vacuum comprises sealing 
a cell. 

29. A method of trapping atoms as claimed in claim 
19, wherein the step of generating the plurality of laser 
beams comprises using diode lasers. 

30. A precision frequency standard as claimed in 

claim 1, further comprising: 

means for magnetically guiding the atoms 
between the exciting means and the measuring means. 

» 

31. A precision frequency standard as claimed in 
claim 30, wherein the atoms are atoms of cesium and the 
measuring means measures the 6S F=3, m=l to 6S F=4, m=-l 
transition. 

32. An optical trap as claimed in claim 11, 
further comprising means for magnetically guiding the atoms 
along a predetermined path. 

33. A precision frequency standard that uses the 
6S F=3, m=l to 6S F=4, m=-l transition in cesium atoms to 
calibrate an oscillator. 
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34. A precision frequency standard as claimed in 
claim 33, wherein the cesium atoms are optically cooled 
prior to use in calibrating the oscillator. 

35. a precision frequency standard as claimed in 
claim 33 , wherein the cesium atoms are confined in a 
magnetic field. 

clai m ,,"'„ * PreCiSl ° n standard as elaimed in 

olax» 33, wherexn the atoms of cesiu* are confined along a 
magnetic confinement guide. 

37. a precision frequency standard as claimed in~ 

T2 m J 3 \T reLn C6SiUm ^ are Really cooled and 
magnetically confined prior to use in calibrating the 
oscillator. 

38. a precision frequency standard as claimed in 
claim 37, wherein the magnetic confinement occurs along a 
magnetic guide. y 

39. a precision frequency standard as claimed in 
claim 38, wherein the temperature of the atoms is less than 
10 degrees microkelvin and the cesium atoms experience a 
magnetic field of no larger than 0.2 gauss. 

clai* J°\ A PreCiSi ° n standard as claimed in 

claim 39, wherein the temperature of the atoms is iess than 
1 degree microkelvin and the cesium atoms experience a 
magnetic field of no larger than o.i gauss. 
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41. A method of calibrating an oscillator in a 
precision frequency standard using the 6S F=3 , m=l to 6S 
F=4, m=-l transition in atoms of cesium. 

42. A method as claimed in claim 41, further 
comprising cooling the cesium atoms to a temperature of 
less than 10 degrees micrbkelvin. 

43. A method as claimed in claim 42, further 
comprising cooling the cesium -atoms to a temperature of 
less than 1 degree microkelvin. 

• * 

44. A method as claimed in claim 41, further 
comprising magnetically confining the cesium atoms. 

45. A method as claimed in claim 44, wherein the 
cesium atoms experience a magnetic field of less than 0.2 



46., A method as claimed in claim 44, further 

* 

comprising magnetically confining the cesium atoms to a 
magnetic confinement guide. 

47. A method as claimed in claim 46, wherein the 
cesium atoms in the magnetic confinement guide experience a 
magnetic field of not more than 0.2 gauss. 

48. A method as claimed in claim 46 , further 
comprising optically cooling the cesium atoms before 
confinement to the magnetic confinement guide. 
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49. a method as claimed in claim 48, wherein the 
cesium atoms are cooled to a temperature of l ess than 10 
degrees microkelvin. 

50. A method «*s claimed in claim 48, wherein the 
cesium atoms are cooled to a temperature of less than i 
degree microkelvin. 

51. An apparatus, comprising: 
means for optically cooling atoms; 

sicmifiJ^H ^ ^ ° Pticall r cooled atoms without 

significant heating; 

means for magnetically confining the atoms 
optically cooled atoms; and 

or^ 1i aeanS m ° Ving thS ma ^ neticl y ^nfined atoms and 
optically colled atoms in a predetermined direction. 

comw - 52 ' An aPParatUS as claimed ^ claim 51, further 
comprising : 

means for exciting a quantum transition in the 
magnetically confined and optically cooled atoms; 

means for observing the guantum transition; and 



means for calibrating an external oscillator using 
the observed quantum transition in the atoms. 



53 . An apparatus as claimed in claim 52 , wherein 
the atoms are atoms of cesium; and 
the guantum transition is the 6S P= 3 , m=i to 6S 
F-4, m=-i transition in cesium. 



54. a method, comprising the steps of: 
optically cooling atoms; 
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moving the optically cooled atoms without 

significant heating; 

magnetically confining the optically cooled atoms; 

and 

moving the magneticly confined and optically atoms 
in a predetermined direction. 

55. A method as claimed in claim 54, further 

comprising the steps of: 

exciting a quantum transition in the magnetically 

confined and optically colled atoms; 

observing the quantum transition in the 
magnetically confined and optically cooled atoms; and 

calibrating an external oscillator using the 

observed quantum transition. 

56. A method as claimed in claim 55 , wherein 
the atoms are atoms of cesium; and 

the quantum transition is the 6S F=3, m=l to 6S 
F=4, m=-l transition in cesium. 
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